Fully grown oocytes of most vertebrates are arrested at prophase I of meiosis (G2 arrest). Upon exposure to steroid hormones, oocytes resume meiotic process, also called G2/M transition. The G protein-signaling pathway has been shown to play essential roles in the meiotic arrest at G2 phase. Previously, we showed that long chain fatty acyl-coenzyme A synthetase acsl1b was required for maintaining the meiotic arrest in Xenopus Acsl1b presumably synthesizes palmitoyl-coenzyme A that can be utilized by acyltransferases to modify proteins essential for the G2 arrest. In the present study, we report that protein acyltransferase ZDHHC3 functions downstream of acsl1b to maintain oocyte meiotic arrest. Depletion of maternal ZDHHC3 RNA in oocytes reduces the progesterone threshold to promote G2/M transition from 2 to 0.01 lM. As expected, G s alpha palmitoylation level is greatly decreased in ZDHHC3-depleted oocytes. Furthermore, we mapped ZDHHC3 palmitoylation sites in G s alpha and showed that palmitoylation-deficient G s alpha failed to arrest oocytes at G2. We also identified a critical residue in ZDHHC3 critically required for its palmitoylation activity toward G s alpha. Taken together, ZDHHC3 is a key acyltransferase to palmitoylate proteins in order to maintain G2 arrest in Xenopus oocytes.
INTRODUCTION
Fully grown vertebrate oocytes are arrested at the first meiotic prophase and can resume the cell cycle upon stimulation by external stimuli, resulting in mature eggs suitable for fertilization. Dysregulation of oocyte G2 arrest can cause female infertility due to abnormal oogenesis [1] [2] [3] [4] . Previous studies suggest that in both Xenopus and mouse oocytes, a G protein-coupled receptor named GPR3 constitutively activates Gas, which in turn activates adenylyl cyclase (AC) and elevates intracellular cAMP to maintain the meiotic G2 arrest [2, [5] [6] [7] [8] . How this GPR3-Gas-signaling axis is regulated during oocyte meiosis is not fully understood. In Xenopus, the key hormone that induces the resumption of the meiotic cell cycle is progesterone [9] [10] [11] . It triggers oocyte maturation through a transcription-independent mechanism [12, 13] . Fully grown Xenopus oocytes can be manually defolliculated from the ovary and treated with extrinsic progesterone to mimic G2/M transition process in vivo. Due to the mechanistic similarity with other in vivo vertebrate systems, this ex vivo system has been used extensively as an excellent model to study the mechanisms of meiotic G2 arrest as well as G2/M transition [12] .
It is well known that abnormal female reproduction cases can be associated with lipid metabolism disorder [14] . Previously, we showed that fatty acyl-coenzyme A (CoA) synthetase acsl1b, a key enzyme in the lipid metabolism, is essential for meiotic G2 arrest, presumably by providing palmitoyl-CoA in Xenopus oocytes [15] . In addition to its role in cellular metabolism, palmitoyl-CoA can be used as a substrate in protein palmitoylation. Palmitoylation is a reversible lipid modification process during which palmitate groups are attached to cysteine residues of target proteins. Palmitoylation of proteins results in higher hydrophobicity and may lead to conformational change of the modified proteins. In addition to membrane anchoring and protein sorting, palmitoylation also regulates protein-protein interaction, protein targeting to specific membrane subdomains, as well as protein stability [16] . Notably, many components of G-protein signaling, including GPCRs (G-protein coupled receptors), G protein subunits, RGS (regulators of G-protein signaling) family of GTPase-activating proteins, and some small GTPases are required to be palmitoylated for their normal cellular functions [17, 18] . Specifically, palmitoylation controls Gas targeting and recycling to the subdomain of plasma membrane and regulates its activation [19] . While we have shown that palmitoylation of Gas was greatly reduced in acsl1b-depleted oocytes, the key enzyme that directly palmitoylates Gas is still not known [15] . There are 23 protein acyltransferases (PATs) in the mammalian genome. The PATs share a signature DHHC (Asp-His-His-Cys) cysteine-rich domain that is essential for PAT activity [20] . Mutation of the DHHC cysteine to serine or alanine blocks its enzyme activity in vitro and disrupts the function in vivo [21, 22] . While some of the ZDHHC family proteins have been linked to a variety of diseases, including cancer, Huntington's disease, and X-linked intellectual disability, others remain to be studied [20] . Previous results indicated that ZDHHC3 and ZDHHC7 could palmitoylate Gas in vitro , but the physiological relevance of the ZDHHCs is still unknown [19] . In this study, we provide evidence that ZDHHC3 plays a positive role in maintaining meiotic arrest through Gas palmitoylation in Xenopus oocytes.
MATERIALS AND METHODS

Animal Care
Animal protocols were approved by the Animal Care and Use Committee of the Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, in accordance with relevant Chinese national regulations.
FIG. 1.
Xenopus ZDHHC3 is the homolog of mouse and human ZDHHC3. Two ZDHHC3 isoforms in X. laevis (accession numbers: 446536 and 446999) are named as ZDHHC3 536 and ZDHHC3 999, respectively. Protein sequence alignment indicates that both ZDHHC3 536 and ZDHHC3 999 show 85% sequence similarity with mouse ZDHHC3 and human ZDHHC3. ZDHHC3 has 62% sequence similarity with human ZDHHC7.
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Xenopus Oocytes, Antisense Oligos, and Oligodeoxynucleotide Injection Unprimed mature female Xenopus laevis frogs were obtained from Nasco (LM00535MX). Fully grown oocytes (stage VI) were manually defolliculated and injected with 10 ng of antisense oligodeoxynucleotides (AS ODNs) (Integrated DNA Technologies) and incubated in oocyte culture medium at 188C for 24-48 h. There are two isoforms of ZDHHC3 gene in Xenopus, which are named as ZDHHC3 536 and ZDHHC3 999, respectively. ZDHHC3 AS2 was designed and targeted ZDHHC3 999 and ZDHHC3 AS3 targeted ZDHHC3 536. The sequences of ZDHHC3 AS2 and ZDHHC3 AS3 are 5 0 -A*T*G*G*TGGTGGGTGTTTC*T*T*C-3 0 and 5 0 -G*G*T*G*GTGGGTG TGTTTC*T*T*C-3 0 (* indicates the thioate modification of phosphodiester bonds), respectively. Both ZDHHC3 AS2 and ZDHHC3 AS3 target the 3 0 untranslated region (UTR) of the ZDHHC3 RNAs. The sequences of mismatch control antisense oligo are 5 0 -G*G*T*G*GTCGATCTATTGC*C*T*C-3 0 . To deplete both ZDHHC3 isoforms, ZDHHC3 AS2 and AS3 were co-injected. For Xenopus oocyte maturation assays, each experimental group contained at least 30 oocytes in all the experiments. Rates of germinal vesicle breakdown (GVBD) in oocytes were monitored by scoring the white maturation spot on the animal pole. Oocytes from the same female frog were used for each specific experiment to ensure comparability among assay groups. Experiments were repeated at least three times using oocytes from different frogs, and similar results were obtained. Because different batches of oocytes from different female frogs usually have varied GVBD rates, representative data are shown. Cloning of Xenopus ZDHHC3 and RNA Synthesis
RNA Extraction and RT-PCR
The ZDHHC3 536 and ZDHHC3 999 coding sequences were amplified from stage VI oocyte cDNA using the following primers: ZDHHC3 536 forward: 5 0 -ATGTTGACCCAAAGCCACCG-3 0 , ZDHHC3 536 reverse: 5 0 -GACCACATACTGGTAAGGAT-3 0 ; and ZDHHC3 999 forward:
0 . The cDNA encoding ZDHHC3 536 was ligated into vector pCS2-MT, which contains the sequence encoding N-terminal Myc tag. The cDNA encoding ZDHHC3 999 was ligated into vector pCS2-FLAG, which contains the sequence encoding N-terminal FLAG tag.
C156S mutant plasmids were obtained from the pCS2 plasmids containing the Myc-tagged ZDHHC3 536 and FLAG-tagged ZDHHC3 999 cDNA sequence using point mutation kit (Fast Mutagenesis System FM111; Transgen Biotech). The plasmids containing the tagged ZDHHC3 cDNA sequences were linearized with NotI. Capped mRNA was transcribed in vitro with SP6 RNA polymerase according to the manufacturer's protocol (Ambion). RNA was purified and suspended in water. In the rescue experiment, Myc-tagged ZDHHC3 536 and FLAG-tagged ZDHHC3 999 mRNA or C156S mutant mRNAs were co-injected. We used ZDHHC3 RNA containing only the coding region in the rescue experiments because the AS ODNs target the 3 0 UTR of the ZDHHC3 RNA.
Antibodies and Western Blot Analysis
Western blot analysis was performed as described previously [15] . Briefly, oocytes were lysed with a pipette in lysis buffer-20 mM Tris, pH 7.4, 10 mM ethylenediaminetetraacetic acid (EDTA), 140 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM phenylmethanesulfonyl fluoride (PMSF), 103 cocktail protease inhibitor (Roche)-and 20 ll of lysis buffer was used per oocyte. Protein samples were separated by SDS-PAGE, transferred to a polyvinylidene fluoride membrane (Invitrogen), and probed with anti-Myc (1:2000; MBL), anti-FLAG (1:5000; Sigma), anti-MAPK (1:1000; eBioscience), anti-(phosphorylated)-MAPK (1:1000; Cell Signaling Technology), anti-Gas (1:1000; Abgent), anti-ZDHHC3 (1:1000; Aviva), and anti-Tubulin (1:4000; Sigma) antibodies.
Thiopropyl Captivation of S-Acylated Protein Method
The thiopropyl captivation (TPC) method was performed as described previously with some modifications [23] . Briefly, 30 oocytes were lysed in 600 ll of lysis buffer. The free sulfhydryl groups of the protein preparation were blocked by adding 1 ll/ml methylmethanethiosulfonate (208795; Sigma). Next, the proteins were precipitated with acetone and dissolved in binding buffer (100 mM HEPES [pH 7.5], 1 mM EDTA, 1% SDS) supplemented with 2 M hydroxylamine (HA) and thiopropyl Sepharose 6B (1-17-0420-01; GE) resin. After 4 h incubation at room temperature, the resin was washed with washing buffer: 100 mM HEPES, pH 7.5, 1 mM EDTA, 1% SDS, and 0.25 M NaCl. After washing, the resin was incubated with 50 mM dithiothreitol (DTT) in binding buffer. Forty-five minutes later, the resin was centrifuged, and the supernatant was saved for SDS-PAGE and Western blot analysis using the indicated antibodies.
FIG. 2.
ZDHHC3 is expressed during X. laevis oogenesis. A) RT-PCR analysis of ZDHHC3 expression through oogenesis. Specific primers for both of the ZDHHC3 536 and ZDHHC3 999 isoforms were designed. Ornithine decarboxylase (ODC) served as a loading control. B) RT-PCR analysis of ZDHHC3 mRNA in the halves of the oocytes. Stage VI oocytes were manually dissected into animal halves and vegetal halves, and these halves were collected in TRIzol reagent. RT-PCR was performed using isolated total RNA. C) Knockdown efficiency of AS ODNs for ZDHHC3 mRNA was assayed with RT-PCR using total RNA from AS ODN-injected Xenopus oocytes. ZDHHC3 AS contains AS ODNs targeting both ZDHHC3 536 (ZDHHC3 AS3) and ZDHHC3 999 (ZDHHC3 AS2). Knockdown efficiency of AS ODNs was evaluated by PCR using ZDHHC3 536-and ZDHHC3 999-specific primers. ODC served as a loading control. 
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Statistical Analysis
Experiments were repeated at least three times. Results are presented as the average 6 SEM, as indicated in the figure legends. Data were analyzed using oneway ANOVA with Prizm5 (Graphpad) software. In the figures, significant differences are indicated above the bar (*P , 0.05, **P , 0.01, and ***P , 0.001).
RESULTS
ZDHHC3 Is Maternally Expressed in X. laevis Oocytes
Our previous study indicated that the activity of long chain fatty acyl-CoA synthetase acsl1b was required for meiotic G2 arrest [15] . We hypothesize that acsl1b is required to synthesize palmitoyl-CoA, which in turn can be used as a substrate for a downstream protein acyl transferase. Tsutsumi and colleagues [19] previously identified that ZDHHC3 and ZDHHC7 palmitoylated Gas in HEK293T cells; however, no further studies have   FIG. 4 . Depletion of ZDHHC3 and 0.01 lM progesterone treatment triggers oocyte maturation. A-H) Oocytes injected with 10 ng of AS ODNs or coinjected with wild-type (WT) or mutant (C156S) ZDHHC3 mRNAs were treated with 0.01 lM progesterone. GVBD was only observed in oocytes injected with ZDHHC3 AS ODN. Uninjected oocytes treated with 2 lM progesterone served as a positive control. Representative images were captured at 8 h after progesterone addition. The red arrows indicate white spots (GVBD). Bar ¼ 400 lm. I) Oocytes injected with ZDHHC3 AS ODN and treated with 0.01 lM progesterone triggered GVBD. Co-injected ZDHHC3 mRNA rescued oocyte maturation induced by 0.01 lM progesterone. GVBD was scored 8 h after 0.01 lM progesterone addition. Shown are the average 6 SEM of three independent experiments. The actual numbers of GVBD-positive/total injected oocytes are indicated above the column. Significant differences are indicated above the bar (**P , 0.01 and ***P , 0.001). J) MAPK was activated in ZDHHC3 AS ODN-injected oocytes treated with 0.01 lM progesterone. Oocytes were collected 8 h after 0.01 lM progesterone treatment.
3
ODNs and 10 ng of ZDHHC3 mRNAs together. The oocytes were treated with 2 lM progesterone 24 h after injection. Experiments were repeated at least three times using oocytes from different frogs. Representative data of three experiments with similar results are shown. C) Overexpressed ZDHHC3 proteins (ZDHHC3 536 and ZDHHC3 999) were detected on Western blots using different antibodies. Oocytes were injected with 10 ng of AS ODNs with or without ZDHHC3 mRNAs (Myc-tagged ZDHHC3 536 mRNA and FLAG-tagged ZDHHC3 999 mRNA), incubated 24 h, then lysed and subjected to immunoblotting.
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been reported to address the biological function of these enzymes in any model systems. Because Gas is one of the key proteins that are essential for G2 arrest [24] , we set to test whether the homologs of these two enzymes function in Xenopus oocytes. We found two isoforms for ZDHHC3 (GenBank accession numbers are 446536 and 446999), but no ZDHHC7 homologs in the Xenopus genome databases. ZDHHC3 is highly conserved from Xenopus to human (Fig. 1) . We use RT-PCR to assess ZDHHC3 mRNA expression at various developmental stages, including oogenesis. As shown in Figure 2A , ZDHHC3 mRNA is expressed during oogenesis and slightly decreased after stage IV. It is also detectable after GVBD, which is the marker of oocyte maturation. We then manually dissected stage VI oocytes into animal halves and vegetal halves and analyzed the RNA expression in oocytes by RT-PCR. There was no obvious uneven distribution for either isoform of ZDHHC3 between animal and vegetal halves (Fig.  2B) . Thus, ZDHHC3 is a highly expressed maternal gene throughout oogenesis.
Depletion of ZDHHC3 Accelerates Oocyte Maturation Induced by Progesterone
Next, we set out to test whether ZDHHC3 functions in maintaining oocytes at G2 phase. Fully grown Xenopus oocytes were manually defolliculated from the ovary, and ZDHHC3 mRNA was knocked down by microinjection of AS ODNs into the oocytes. ZDHHC3 mRNA was greatly depleted as examined by RT-PCR (Fig. 2C ). The injected oocytes were then treated with 2 lM progesterone. Oocyte maturation was examined by examining for GVBD. ZDHHC3 AS ODN-injected oocytes initiated GVBD approximately 1 h earlier than uninjected and control AS ODN-injected oocytes. The overall maturation rate of ZDHHC3 AS ODN-injected oocytes was much faster (Fig. 3A) . Importantly, the accelerated maturation was largely rescued by co-injection of in vitro-transcribed ZDHHC3 mRNAs (Myctagged ZDHHC3 536 and FLAG-tagged ZDHHC3 999 mRNA co-injection), suggesting the observed maturation acceleration was specifically due to ZDHHC3 depletion (Fig. 3B) . As a control, mutant ZDHHC3 (C156S) mRNAs with disrupted PAT activity [25] failed to rescue the phenotype of ZDHHC3 depletion, indicating that the enzyme activity is required for ZDHHC3 function in Xenopus oocytes (Fig. 3B) . Injection of cDNAs encoding Myc-tagged ZDHHC3 536 and FLAG-tagged ZDHHC3 999 into Xenopus oocytes resulted in expression of ZDHHC3 proteins (Fig. 3C) . We have tried multiple commercially available antibodies that are claimed to recognize FIG. 5 . Cysteine 3 is the key palmitoylation site of Gas in X. laevis oocytes. A) Injection of Gas C3S mutant mRNA failed to block oocyte maturation triggered with 2 lM progesterone. Wild-type (WT) or mutant Gas mRNAs (10 ng each) were separately injected into Xenopus oocytes and green fluorescent protein (GFP) mRNA was used as a control. The oocyte maturation was induced by 2 lM progesterone 24 h after mRNA injection. Experiments were repeated at least three times using oocytes from different frogs. B) C3S mutant Gas was not palmitoylated in Xenopus oocytes. Oocytes were injected with indicated mRNAs. Twenty-four hours after injection of mRNA encoding GFP labeled Gas WT or mutants (G2A and C3S), 30 oocytes were collected for each group and palmitoylation of GFP labeled Gas protein was analyzed by the TPC method. Shown is a representative of three independent experiments. FIG. 6. Depletion of ZDHHC3 greatly reduces Gas protein palmitoylation in Xenopus oocytes. A) Oocytes injected with 10 ng of AS ODNs or co-injected with wild-type (WT) or mutant (C156S) ZDHHC3 mRNAs or injected with 10 ng of ZDHHC3 mRNAs alone. Palmitoylation level of endogenous Gas in oocytes were analyzed by the TPC method 24 h after injection. Shown is a representative of three experiments with similar results. B) Knocking down of ZDHHC3 significantly reduced endogenous Gas protein palmitoylation level in Xenopus oocytes. Bar graph shows combined data from three independent experiments. Significant differences are indicated above the bar (*P , 0.05 and **P , 0.01).
FANG ET AL.
FIG. 7. Depletion of ZDHHC3 impairs Gas function during
Xenopus oocytes maturation. Overexpression of GasGFP failed to block progesterone induced maturation in ZDHHC3 depleted oocytes. Ten nanograms of AS ODNs were injected into oocytes. After culture for 24 h, GasGFP mRNA was injected into each group. Oocyte maturation was induced with 2 lM progesterone 24 h after mRNA injection. Twelve hours after progesterone addition, oocyte images were captured (A-D) and oocyte GVBD was calculated (E). The red arrows indicate white spots (GVDB). Bar graph shows combined data from three independent experiments. The actual numbers of GVBD-positive/total injected oocytes are indicated above the bar. Significant differences are IMPORTANCE OF ZDHHC3 IN MAINTAINING MEIOTIC ARREST ZDHHC3, however, none of them could detect endogenous ZDHHC3 protein in oocytes. The endogenous protein expression is either at a very low concentration or additional new antibodies are required to address its expression in the oocyte. In any cases, these results suggest that ZDHHC3 is a negative regulator of G2/M transition during oocyte maturation.
Depletion of ZDHHC3 Sensitizes Oocytes to Very Low Concentration of Progesterone in Maturation Assays in X. laevis
To further investigate ZDHHC3 activity in Xenopus oocyte maturation, we used progesterone at much lower concentration (0.01 lM) than normally used (2 lM) in the in vitro maturation assay. At this concentration, progesterone is insufficient to induce G2/M transition. We observed that approximately 80% of ZDHHC3 AS ODN-injected oocytes matured after 8 h (Fig.  4, A-I ). The maturation was blocked when in vitro transcribed ZDHHC3 mRNAs were co-injected but not the mutant ZDHHC3 mRNAs (C156S) (Fig. 4, A-I) . To confirm the oocyte maturation, we examined MAPK phosphorylation, a well-recognized biochemical marker for meiotic G2/M transition in Xenopus. As expected, MAPK was activated in ZDHHC3 AS ODN-injected oocytes but not in control AS ODN-injected oocytes. Moreover, co-injection of wild-type (WT) but not mutant (C156S) ZDHHC3 mRNAs largely blocked MAPK activation (Fig. 4J) . These results indicate that ZDHHC3 AS ODN and progesterone have synergistic activity during oocyte maturation and that ZDHHC3 palmitoyltransferase activity is required for maintaining G2 arrest of Xenopus oocytes.
Palmitoylation Is Required for the Function of Gas in the Meiotic Arrest of X. laevis Oocytes
Identification of ZDHHC3 as a candidate palmitoyltransferase required for maintaining G2 arrest oocytes prompted us to search for its possible protein substrates. One of the possible substrates is Gas. A previous study showed that overexpression of Gas blocked oocyte maturation induced by progesterone [24] . In tissue culture, Gas palmitoylation usually occurs at its second glycine and third cysteine residues [26, 27] . As the first step to study ZDHHC3 catalytic activity toward Gas, we used site-directed mutagenesis to generate Gas mutants by changing the third cysteine to serine (C3S) or the second glycine to alanine (G2A) and assayed their activity in blocking Xenopus oocyte maturation. We found that injection of WT or G2A Gas mutant mRNA blocked progesteroneinduced oocyte maturation, but C3S Gas mutant could not (Fig. 5A) . Next, we analyzed Gas palmitoylation using the TPC method [23] to identify palmitoylation sites. The TPC results indicated that C3S Gas greatly reduced palmitoylation while G2A Gas mutant showed a similar level as in WT Gas (Fig. 5B) , suggesting that the third cysteine residue is the only site modified by acyl group in Xenopus oocytes.
ZDHHC3 Activity Is Essential for Gas Function in the Meiotic Arrest of X. laevis Oocytes
Our previous results showed that general protein palmitoylation inhibitors, such as 2-bromopalmitate (2-BP) and tunicamycin, inhibited Gas palmitoylation in Xenopus oocytes [15] . To investigate whether Gas functions downstream of ZDHHC3 in oocytes, we examined Gas palmitoylation level in ZDHHC3-depleted oocytes by the TPC method. As shown, pamitoylated Gas was significantly reduced in ZDHHC3 AS ODN-injected oocytes compared with control AS ODNinjected oocytes (Fig. 6, A and B) . Furthermore, the decrease of Gas palmitoylation could be reversed by co-injection with WT but not mutant (C156S) ZDHHC3 mRNAs (Fig. 6, A and  B) . These results argue that ZDHHC3 acts upstream of Gas in Xenopus oocytes and likely directly palmitoylates Gas.
To further investigate ZDHHC3 and Gas genetic interaction in Xenopus oocytes, we examined overexpressed Gas function in ZDHHC3-depleted oocytes. While no Gas-overexpressed oocytes matured after 12 h of 2 lM progesterone treatment, more than 60% of ZDHHC3-depleted oocytes completed maturation (Fig. 7, A-E ). This result indicates that ZDHHC3 functions upstream of Gas and that ZDHHC3 is required for Gas function in Xenopus oocytes.
DISCUSSION
We previously showed that long chain fatty acyl CoA synthetase acsl1b was essential for maintaining meiotic G2 arrest in Xenopus oocytes [15] . We hypothesized that it may indirectly regulate downstream proteins that are essential for its function. Palmitoylated Gas is critical for G2 arrest. However, palmitoyl-transferase that modifies Gas is unknown. We addressed this question in the present study. We provided evidence that ZDHHC3 is essential for maintaining Xenopus oocyte meiotic arrest by modulating Gas palmitoylation.
Injection of ZDHHC3 AS ODNs efficiently depleted ZDHHC3 mRNA in Xenopus oocytes and facilitated oocyte maturation manifesting in accelerated GVBD and MAP kinase activation. Palmitoylation level of Gas in ZDHHC3-knockdown oocytes was greatly reduced, suggesting Gas is a substrate of ZDHHC3. We further confirmed that only palmitoylated Gas, but not the mutant, is capable of arresting Xenopus oocytes at the G2 phase. Although ZDHHC3 was implicated in palmitoylating other substrates, loss-of-function studies have yet to be carried out to investigate its role in biological processes. Separately, overexpression of ZDHHC3 did not cause any alteration in the G2/M transition (Fig. 3, A  and B) , suggesting constitutive ZDHHC3 expression in oocytes is sufficient to modify its substrates.
The identification of ZDHHC3 as a critical component of the meiotic cell-cycle regulation supports a model in which ZDHHC3 utilizes palmitoyl-CoA to palmitoylate Gas in order to maintain the conserved GPR3-Gas-AC-signaling pathway for G2 arrest (Fig. 7F) . Thus, ZDHHC3 links lipid metabolism with GPR3-Gas-AC signaling through palmitoyl-CoA. Importantly, disruption of GPR3 and ACSL6 (human homolog of acsl1b) was implicated in premature ovarian failure [3, 28] . It will be interesting to examine whether defects of ZDHHC3 or ZDHHC7 are implicated in premature ovarian failure in 3 indicated above the bar (**P , 0.01). F) A working model of ZDHHC3 functions in meiotic arrest Xenopus oocytes. ZDHHC3 utilizes palmitoyl-CoA produced by Acsl1b to palmitoylate Gas, which forms protein complex with Gß and Gc. Membrane-anchored GPR3 constitutively activates G protein complex. The activated Gas in turn activates adenylyl cyclase (AC) to produce high level of cAMP, which is required for maintaining oocyte arrest at the G2 phase.
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humans. We identify Gas as a substrate for ZDHHC3, but we cannot exclude the possibility that some other components of the Gas-signaling pathway, such as GPR3, are also regulated by ZDHHC3. Indeed, the PATs are required for palmitoylation of endogenous sex steroid hormone receptors, such as classical estrogen, progesterone, and androgen receptors (ERs, PRs and ARs) in cancer cells [29] . Whether modifications of these proteins are involved in the meiotic arrest remains to be investigated.
Previous studies suggested ZDHHC family members are the major protein acyltransferases [16] . While their biochemical activities have been studied in vitro, their physiological functions are largely unknown [30] . Specifically, before this study, the physiological function of ZDHHC3 and ZDHHC7 was unknown. Because the G protein-signaling pathway is important for many other physiological functions, it would be interesting to test whether loss of ZDHHC3 activity will disrupt other biological processes. How the activity of ZDHHC3 is regulated is another interesting question. Our result indicates that the maternal ZDHHC3 RNA level remains consistent upon progesterone treatment; however, we cannot exclude the possibility that the hormone may regulate ZDHHC3 mRNA translation, enzyme translocation, or its activity during the oogenesis. It has been proposed that the constitutively active G protein signaling needs to be inhibited for oocyte meiotic resumption. However, the exact mechanism of the inhibition is still largely unknown. There are several possible mechanisms to disrupt the G protein signaling. In addition to the well-known beta-arrestin-mediated GPCR receptor (GPR3) endocytosis [31, 32] , it is also possible to remove other key components of the pathways by protein degradation. Another attractive hypothesis is to remove palmitate from key proteins such as Gas. To accomplish such a reversible modification, there should be an enzyme that specifically de-palmitoylates proteins such as Gas without disruption of other palmitoylated proteins that are not associated with G2 arrest. In addition, unlike ZDHHC3 that constitutively adds palmitate to its substrate proteins, the proposed de-palmitoylation enzymes should be regulated by progesterone. Identification of such enzymes and elucidation of involved mechanisms should greatly advance our understanding of reversible palmitoylation modification in various biological processes including G2/M transition.
